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In the polarized exocrine acinar cells, the primary agonist-evoked intracellular Ca 2ϩ release occurs in the apiAlexei V. Tepikin, and Ole H. Petersen Medical Research Council cal (secretory) pole, which has a particularly high sensitivity to IP 3 (Kasai et al., 1993; Thorn et al., 1993) . The Secretory Control Research Group Physiological Laboratory secretory pole has a high density of secretory granules, and it has recently been shown that IP 3 can evoke rapid University of Liverpool Liverpool L69 3BX Ca 2ϩ release from single isolated secretory granules (Gerasimenko et al., 1996a) and that granules in intact United Kingdom cells lose Ca 2ϩ after stimulation with agonists (Sasaki et al., 1996) , suggesting that an important component of the primary agonist-induced Ca 2ϩ release in the apical Summary pole is due to liberation of Ca 2ϩ from these granules (Petersen, 1996) . Whereas the primary agonist-evoked Intracellular Ca 2؉ store depletion induces Ca 2؉ entry Ca 2ϩ release in exocrine cells occurs in the apical pole, across the plasma membrane, allowing the store to CCE occurs mainly across the basolateral membrane recharge. In our experiments, Ca 2؉ stores in pancreatic (Toescu and Petersen, 1995) . The question is therefore acinar cells were depleted by acetylcholine (ACh) stimwhether Ca 2ϩ entering the cell across the basal memulation in Ca 2؉ -free solution. Thereafter, Ca 2؉ entry was brane can be transported across the cell to be available only allowed through a CaCl 2 -containing pipette atfor renewed primary Ca 2ϩ release in the apical region. tached to the basal membrane. Recharging intracellu-
We have activated CCE in isolated pancreatic acinar lar Ca 2؉ stores via a patch pipette occurred without a cells by ACh stimulation in Ca 2ϩ -free solution. Thereafrise in the cytosolic Ca 2؉ concentration and depended ter, Ca 2ϩ entry was allowed, but only through a small on the operation of a thapsigargin-sensitive Ca 2؉ patch on the basal membrane. We used a Ca 2ϩ -conpump. After a period of focal Ca 2؉ entry, ACh could taining patch pipette sealed to the basal membrane for again evoke a rise in the cytosolic Ca 2؉ concentration, Ca 2ϩ delivery and show that the process of reloading and this rise always started in the apical secretory intracellular stores occurs with, at most, a tiny rise in pole. Recharging the apical Ca 2؉ store therefore de- [Ca 2ϩ ] i even close to the site of Ca 2ϩ entry. After a suitpends on Ca 2؉ flow through a tunnel from the basal to able period of Ca 2ϩ loading, ACh could again evoke the secretory pole, and the endoplasmic reticulum intracellular Ca 2ϩ release, and although CCE in our exCa 2؉ pump is essential for this process. periments had occurred exclusively through a small patch in the middle of the basal membrane, the AChevoked Ca 2ϩ signal after reloading always started in the Introduction apical (secretory) pole. The reloading of the Ca 2ϩ store in the apical part of the cell through focal Ca 2ϩ entry at Capacitative Ca 2ϩ entry (CCE) is the name given to the the base was abolished by the specific endoplasmic process of cellular Ca 2ϩ influx caused by depletion of reticulum (ER) Ca 2ϩ ATPase inhibitor thapsigargin. We intracellular Ca 2ϩ stores (Putney, 1990; Berridge, 1995 -permeable channel in the plasma base to the apex and thereby load Ca 2ϩ stores in the membrane is composed of subunits belonging to the secretory granule region of the cell. trp family (Berridge, 1995; Petersen et al., 1995; Zhu et al., 1996; Zitt et al., 1996) . CCE appears to be colocalized with intracellular Ca 2ϩ release (Petersen and Berridge, Results 1996) and may be triggered by conformational coupling of inositol trisphosphate (IP 3 ) receptors and the Ca 2ϩ
In a preliminary series of experiments, we had addressed the issue of a possible intraorganellar Ca 2ϩ entry channels, possibly by interaction between the ankyrin-like motif at the N-terminus of the trp protein and transport route by attempting to restrict Ca 2ϩ entry, following agonist-evoked Ca 2ϩ store depletion, to the basal the ankyrin-binding motif of the IP 3 receptor (Bennett et al., 1995; Berridge, 1995 . Although this indicated that Ca 2ϩ entry pumps takes place close to the site of Ca 2ϩ entry across the plasma membrane (Muallem, 1989; Putney 1990 from the cytosol to the external medium. Basically, the whole of the mobilizable intracellular Ca 2ϩ store is exported from the cell (Tepikin et al., 1992) . In the experiment illustrated in Figure 1 , a three-cell cluster was investigated. One of these cells had a pipette containing 10 mM CaCl 2 sealed to its surface membrane. It is well known that CCE is sensitive to the membrane potential since this potential is a major determinant of the driving force for Ca 2ϩ (Lewis and Cahalan, 1995) . During the first ACh stimulation period, a negative pipette potential reduced the opportunity for Ca 2ϩ inflow through the membrane patch covered by the pipette. After [Ca 2ϩ ]i had returned to a value very close to the resting level, ACh stimulation was discontinued and the pipette voltage was changed to a positive value, encouraging Ca 2ϩ entry through the membrane patch. During this loading period there was, as seen in Figure 1 , no discernible rise in [Ca 2ϩ ] i in any of the three cells. The Ca 2ϩ loading was reduced by again making the pipette voltage negative, and shortly thereafter a second ACh (10 M) stimulation period began. In the cell to which the Ca 2ϩ -containing pipette had been attached, there was a substantial transient rise in [Ca 2ϩ ]i, whereas there were only very small responses in the two other cells (Figures 1,  2A , and 2B). This type of experiment (single cells, n ϭ 16; small cell clusters, n ϭ 4) shows that it is possible to reload depleted intracellular Ca 2ϩ stores via a cell- exclusively to load the depleted Ca 2ϩ stores in that particular cell and failed to restore Ca 2ϩ levels in the pools avoid the problem altogether by using the cell-attached of the neighboring cells in the cluster. Such cell clusters configuration of the patch clamp technique, in which a are known to be electrically and chemically coupled via specially prepared glass pipette tip is sealed very tightly gap junctions (Petersen, 1992 Figure 2C shows plots of [Ca 2ϩ ]i along a line from the pipette attachment to the secretory pole during the second period of Ca 2ϩ entry. In this particular experiment, there was a slightly higher Ca 2ϩ concentration in the cytosolic compartment close to the pipette attachment than in the secretory granule area (less than 10 nM difference). However, in the six experiments of this type only two showed this pattern. In three experiments, there was no measurable Ca 2ϩ gradient at all, and in one experiment, the gradient was reversed with the Ca 2ϩ concentration highest in the secretory granule area (less than 10 nM difference). Thus, we have found no clear evidence for a Ca 2ϩ gradient during Ca 2ϩ reloading, although it seems reasonable to assume that there should be a slightly higher [Ca 2ϩ ]i near the Ca 2ϩ entry point than in the rest of the cell during the reloading period. The gradient may, however, be steep, occurring over a very short distance, so that it can be difficult to pick up with the imaging Thapsigargin is a very specific and irreversible inhibitor of the ER Ca 2ϩ ATPase (Thastrup et al., 1990) . It has stimulation results in a [Ca 2ϩ ] i rise that starts in the secretory granule area and then spreads along both the lateral been repeatedly demonstrated that this agent primarily releases Ca 2ϩ from stores in the basolateral (ER-rich) membrane as well as toward the base (Kasai and Augustine, 1990; Toescu et al., 1992a) . However, in our parts of both pancreatic and lacrimal acinar cells (Elliott et al., 1992; Toescu et al., 1992a; Gerasimenko et al., experiments, Ca 2ϩ entry can only occur through a small well-defined area at the base of the cell, as far away as 1996a). Figure 4 shows the results from an experiment in possible from the secretory pole. Since it would appear, from the results shown in Figure 1 , that Ca 2ϩ entering which thapsigargin was used in a relatively high concentration (2 M) that should ensure complete inhibithrough the patch membrane is immediately taken up into internal stores, it might not be expected that the tion of ER Ca 2ϩ ATPase activity (Thastrup et al., 1990) . In this experiment, the voltage-controlled focal Ca 2ϩ eninitial ACh-evoked [Ca 2ϩ ]i rise after this type of reloading would occur in the secretory pole.
try through the cell-attached basal membrane patch caused a small but clearly observable rise in the bulk Figure 2 shows the result of an experiment in which digital imaging of Ca 2ϩ -sensitive fura2-fluorescence al- [Ca 2ϩ ] i (Figure 4 ). In the control (no pipette attachment) cell, no such Ca 2ϩ rise occurred. After the period of focal lowed us to identify the initiation site of the ACh-evoked cytosolic Ca 2ϩ signal after focal Ca 2ϩ entry at the base Ca 2ϩ entry, a second ACh stimulus was applied, but no cytosolic Ca 2ϩ rise was observed; in fact, [Ca 2ϩ ] i was of the cell. In the example shown, the ACh stimulus ]i rise could be observed (Figure 4) . This is to be expected, since in a dependent on a thapsigargin-sensitive Ca 2ϩ ATPase in the ER. It would appear, therefore, that there is an operaprevious patch-clamp study there was a latency of about 20-40 s after an agonist-evoked rise in the bulk cytosol tional Ca 2ϩ tunnel connecting the basal and apical parts of the cell. The only organelle system providing a struc- [Ca 2ϩ ]i, before a Ca 2ϩ -sensitive cation channel in the cell-attached membrane patch was activated (Marutural connection between these parts is the endoplasmic reticulum (ER) (Kern, 1993; Gorelick and Jamieson, yama and Petersen, 1982; Petersen and Maruyama, 1983) . Most likely, the narrow "neck" in the omega con-1994) , and the simplest explanation for our finding is summarized in Figure 5 . Ca 2ϩ entering through the basal figuration of the cell membrane under the patch pipette and the associated organelle barrier cause a very signifipatch membrane is taken up locally into the ER by the extremely powerful ER Ca (Figure 4 ). The amounts of Ca 2ϩ entering through the patch membrane are likely to be considerably smaller in the thapsigargin experiments than in the experiments where the ER Ca 2ϩ ATPase operates, owing to the negative feedback of a rise in [Ca 2ϩ ] i on the capacitative Ca 2ϩ entry channel (Berridge, 1995). Figure 5 shows the possible Ca 2ϩ transport pathways in the secretory granule area. IP3 generated by the high ACh concentration (Toescu et al., 1992b ) may primarily liberate Ca 2ϩ from the ER or the secretory granules, but in the apical pole the density of ER is much lower than in the basal part of the cell and the secretory granules dominate (Kern, 1993; Gorelick and Jamieson, 1994) . IP 3 can release Ca 2ϩ from isolated secretory granules (Gerasimenko et al., 1996a) . If the primary Ca 2ϩ release is from the ER it could be magnified by Ca 2ϩ -induced Ca 2ϩ release from the secretory granules via IP 3 and ryanodine receptors (Petersen, 1996) . During the recharging period, Ca 2ϩ may continuously leak out of the ER, and in the secretory pole a substantial part of this Ca 2ϩ could be taken up into the granules by a Ca 2ϩ -H ϩ exchanger (the intragranular pH is acid). A recent imaging study of IP3-evoked local Ca 2ϩ spikes in the secretory granule area of pancreatic acinar cells has demonstrated discrete hot spots of Ca 2ϩ release (Thorn et al., ment of the ER comes very close to a secretory granule ( Figure 5 ). This would explain that very low doses of 1996). It is quite possible that strands of ER protrude the ER Ca 2ϩ ATPase inhibitor thapsigargin, which only through the neck area of the cell-attached patch, since slightly reduce the pumping rate, increase the frequency morphological studies of isolated membrane patches of local Ca 2ϩ spikes in the granule area induced by just demonstrate that these structures are not bare bilayers suprathreshold IP 3 concentrations (Petersen et al., but include organelles (Ruknudin et al., 1991; Horber et 1993) . As seen in Figure 5 , a reduction of Ca 2ϩ reuptake al., 1995). Ca 2ϩ entering through the patch membrane into the ER would favor uptake into the granule as well may therefore not enter the bulk cytosol, but could be as increase the rise of the local cytosolic Ca 2ϩ concentaken up locally into the ER in the patch. Ca 2ϩ then tration during IP 3 action, thereby enhancing positive diffuses throughout the ER lumen and will therefore also feedback on Ca 2ϩ release via both IP3 and ryanodine reach the apical part of the cell. When the cell is stimureceptors. Although there is relatively little ER in the lated by a supramaximal ACh concentration, after a reapical part of acinar cells, ultrastructural studies reveal charging period through the basal patch pipette, the the existence of ER elements that come very close to cytosolic Ca 2ϩ signal is initiated in the secretory pole, some granules (Kern, 1993). i.e., in the secretory granule area. The secretory granule
In the experiments presented here, we have used susregion has a particularly high sensitivity to IP 3 (Kasai et tained supramaximal agonist stimulation to fully activate al., 1993; Thorn et al., 1993) , and immunocytochemistry CCE. In the intact gland it is more likely that stimulation shows specific localization of IP 3 receptors in this part will occur by either low agonist concentrations or shortof the cell (Nathanson et al., 1994) . Our new results lasting pulses of high agonist concentrations. In such demonstrate that depleted Ca 2ϩ stores in the secretory cases the cytosolic Ca 2ϩ signals will be essentially congranule area can be reloaded via an intraorganellar route fined to the secretory pole (Thorn et al., 1993 ; Gerasistarting in the basal part of the cell ( Figure 5 ). Our results menko et al., 1996b). Short-lasting repetitive cytosolic also provide fresh evidence for the idea that the ER Ca 2ϩ spikes (in the secretory pole) evoked by intracelluoperates as one luminally continuous Ca 2ϩ store lar IP 3 infusion are initially independent of the presence (Renard-Rooney et al., 1993; Thomas et al., 1995) . In or absence of extracellular Ca 2ϩ , but after prolonged the experiments with thapsigargin, where the ER Ca 2ϩ periods of spiking in Ca 2ϩ -free solution, a need for exterATPase activity is abolished (Figure 4) the basal membrane will have to be moved inside the Bennett, D.L., Petersen, C.C.H., and Cheek, T. (1995) . Cracking ICRAC ER to the apical (secretory) pole to provide the Ca 2ϩ in the eye. Curr. Biol. 5, 1225 Biol. 5, -1228 needed to sustain spiking in this strategically important Berridge, M.J. (1995) . Capacitative calcium entry. Biochem. J. 312, region.
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Experimental Procedures
Calcium dependence of calcium extrusion and calcium uptake in mouse pancreatic acinar cells. J. Physiol. (Lond.) 490, 585-593.
Cell Preparation
Elliott, A.C., Cairns, S.P., and Allen, D.G. (1992) . Sub-cellular gradiIsolated mouse pancreatic acinar cells and small clusters were preents of intracellular free calcium concentration in isolated lacrimal pared using pure collagenase (Worthington) digestion as described acinar cells. Pflü gers Arch. 422, 245-252. previously (Osipchuk et al., 1990 Imaging (1981) . Improved patch-clamp techniques for high-resolution curHigh resolution digital video imaging of the distribution of the free rent recording from cells and cell-free membrane patches. Pflü gers intracellular Ca 2ϩ concentration was carried out essentially as preArch. 391, 85-100. viously described (Toescu et al., 1992a; Thorn et al., 1993) . After Horber, J.K., Mosbacher, J., Haberle, W., Ruppersberg, J.P., and isolation, cells were resuspended and loaded with Fura 2-AM (1 M; Sakmann, B. (1995) . A look at membrane patches with a scanning Sigma) for 20 min at room temperature. Fura 2-AM was sonicated force microscope. Biophys. J. 68, 1687-1693. immediately before use. After loading, cells were washed twice and used within 3 to 4 hr. Images were captured using a Nikon Diaphot Kasai, H., and Augustine, G.J. (1990) . Cytosolic Ca 2ϩ gradients triginverted microscope (40ϫ quarts oil immersion objective), a coupled gering unidirectional fluid secretion from exocrine pancreas. Nature charge device (CCD) image intensifier camera (Photonic Science 348, (735) (736) (737) (738) , and recorded on a QuantiCell station (Applied Imaging, UK). Kasai, H., Li, Y.X., and Miyashita, Y. (1993) . Subcellular distribution Alternate excitation wavelengths of 340 nm and 380 nm from a of Ca 2ϩ release channels underlying Ca 2ϩ waves and oscillations in Xenon light source were selected by interference filters on a rotaexocrine pancreas. Cell 74, 669-677. tional filter wheel. The rotation of the wheel was driven by the com- Kern, H.F. (1993) . Fine structure of the human exocrine pancreas. In puter, and the software allowed the interval between successive
The Pancreas: Biology, Pathobiology and Disease, Second Edition, captures to vary from 0.32 s to several minutes. Ratio images could V.L.W. Go, ed. (New York: Raven Press) pp. 9-19. therefore be obtained every 0.64 s. The maximum length of image capture was limited by the software to 252 frames in that mode. Lewis, R.S., and Cahalan, M.D. (1995) Potassium and calcium chanThe images were ratioed (340:380) pixel by pixel and the resultant nels in lymphocytes. Annu. Rev. Immunol. 13, 623-653. ratio was proportional to the intracellular free Ca 2ϩ concentration. Maruyama, Y., and Petersen, O.H. (1982) . Cholecystokinin activation Fura 2-fluorescence was calibrated using cells loaded with the dye of single-channel currents is mediated by internal messenger in and exposed to 5 mM EGTA or 10 mM Ca 2ϩ in the presence of 20 pancreatic acinar cells. Nature 300, 61-63. M ionomycin (Sigma) using a dissociation constant for Ca 2ϩ -fura at room temperature of 150 nM. The ratio images were analyzed Muallem, S. (1989 (Hamill et al., 1981) Osipchuk, Y.V., Wakui, M., Yule, D.I., Gallacher, D.V., and Petersen, was used to apply calcium to the basal membrane through a patch O.H. (1990) . Cytoplasmic Ca 2ϩ oscillations evoked by receptor stimpipette. A seal resistance of >10 G⍀ was produced on the membrane ulation, G-protein activation, internal application of inositol trisphosand kept at a value of at least 5 G⍀ throughout the experiment.
phate or Ca 2ϩ : simultaneous microfluorimetry and Ca 2ϩ -dependent Pipettes of 1.4-2.0 M⍀ (tip diameter about 2 m) were pulled from Cl Ϫ current recording in single pancreatic acinar cells. EMBO J. 9, microhaematocrit tubes (Assistant Micro-Haematocrit).
697-704.
